Summary Background Recurrent malignant brain tumors (RMBTs) carry a poor prognosis. Dichloroacetate (DCA) activates mitochondrial oxidative metabolism and has shown activity against several human cancers. Design We conducted an open-label study of oral DCA in 15 adults with recurrent WHO grade III -IV gliomas or metastases from a primary cancer outside the central nervous system. The primary objective was detection of a dose limiting toxicity for RMBTs at 4 weeks of treatment, defined as any grade 4 or 5 toxicity, or grade 3 toxicity directly attributable to DCA, based on the National Cancer Institute's Common Toxicity Criteria for Adverse Events, version 4.0. Secondary objectives involved safety, tolerability and hypothesis-generating data on disease status. Dosing was based on haplotype variation in glutathione transferase zeta 1/maleylacetoacetate isomerase (GSTZ1/ MAAI), which participates in DCA and tyrosine catabolism. Results Eight patients completed at least 1 four week cycle.
Introduction
Recurrent malignant brain tumors (RMBTs), whether from primary malignant gliomas, or from metastasis to the central nervous system (CNS), have a poor prognosis [1, 2] . They share an increasing incidence, clinical and radiographic characteristics and paucity of effective therapies. Thus, Phase 1/2 trials of RMBTs for the investigation of potentially promising agents have been considered by the international oncology community to be both efficient and scientifically valid [3, 4] .
Despite their diverse histological phenotypes, RMBTs may share a common biochemical pathobiology. Aerobic glycolysis, or the Warburg effect, is a hallmark of tumor metabolism that reflects a disproportionate increase in cytoplasmic glycolysis relative to mitochondrial glucose oxidation, even under conditions of adequate oxygenation [5] . A molecular component of aerobic glycolysis is stable upregulation of hypoxia inducible factor-1alpha (HIF-1α), which results in increased expression of glucose transporters, most enzymes of glycolysis and the mitochondrial enzyme pyruvate dehydrogenase kinase (PDK) [6] . PDK phosphorylates the E1α subunit of the multi-component pyruvate dehydrogenase complex (PDC), inhibiting its catalytic activity and, hence, mitochondrial oxidation of glucose (Fig. 1 ). Reduced expression in many cancers of the tumor suppressor gene p53 also contributes to the Warburg effect because it normally inhibits PDK, dampening its inhibitory effect on PDC [7] .
Dichloroacetate (DCA) is the prototypic small molecule inhibitor of PDK, an emerging therapeutic target in oncology [8] . By inhibiting PDK, the drug maintains PDC in its active form and facilitates mitochondrial oxidation of glucosederived pyruvate and lactate via the tricarboxylic acid (TCA) cycle [reviewed in 9] . DCA readily crosses the blood-brain barrier, can be measured in cerebrospinal fluid and activates PDC in brain [9, 10] . DCA has a plasma half-life of~1 h in drug-naïve individuals, but may increase several-fold with chronic administration [11, 12] . DCA has been used for many years as an investigational drug to treat children with inborn errors of mitochondrial metabolism, including PDC deficiency [13] , a disease also characterized by increased aerobic glycolysis [14] and pathological upregulation of HIF-1α [15] . Studies of human glioma and other cancer cells in culture or after transplant into immunocompromised animals show that DCA activates PDC and reverses the Warburg effect in these cells, initiating complex changes in tumor cell metabolism that lead to decreased angiogenesis and increased apoptotic tumor cell death [16, 17] .
Recently, Michelakis and coworkers reported an open label trial of oral DCA in five patients with recurrent glioblastoma, with promising results in three subjects in terms of tumor biochemistry and progression [18] . Drug safety was limited initially by peripheral neuropathy that was reversible upon DCA dose reduction. We have shown that DCA-induced neuropathy may be at least partly dependent on its in vivo rate of biotransformation which, in turn, is influenced by both subject age [21] and haplotype variability in glutathione transferase zeta 1 (GSTZ1), which biotransforms DCA to glyoxylate [12] . Thus, there remains uncertainty regarding the chronic safety of DCA in adults with cancer, particularly among individuals in whom variations in GSTZ1 haplotype may prolong the drug's plasma half-life, thereby increasing risk of toxicity.
Therefore, we undertook an open label, phase 1 trial of chronic, oral DCA in adults with RBMT in whom drug safety and tolerability were assessed in relation to GSTZ1 genotype. GSTZ1 is a bifunctional enzyme that, as maleylacetoacetate isomerase (MAAI), catalyzes the penultimate step in tyrosine metabolism [22] (Fig. 2) . Consequently, we also examined the effect of DCA on the accumulation of the tyrosine intermediate maleylacetone, a biomarker of tyrosine metabolism.
Methods
This study was approved by the University of Florida (UF) Institutional Review Board and the Scientific Advisory Fig. 1 The PDC catalyzes the rate-limiting step in the aerobic oxidation of glucose and pyruvate and of alanine and lactate, which are in equilibrium with pyruvate. PDC also functionally links cytoplasmic glycolysis with the mitochondrial tricarboxylic acid (TCA) cycle and is thus integral to cellular energetics. Panel A -The 9.5 M Da eukaryotic complex is organized into multiple copies of 3 enzymatic components [19, 20] . The heterotetrameric (α2β2) pyruvate dehydrogenase (E1) decarboxylates pyruvate in the presence of thiamine pyrophosphate (TPP). Dihydrolipoamide acetyltransferase (E2) transfers the acetyl group to a lipoic acid moiety that synthesizes up to 60 molecules of acetyl CoA from reduced coenzyme A per macromolecular complex. Reduced lipoate is reoxidzed by dihydrolipoamide dehydrogenase (E3) in a coupled redox reaction in which NADH is generated. The PDC also utilizes an E3 binding protein (E3BP) to tether the E3 component to the complex's core. The net reaction thus provides glucose-derived acetyl CoA for the tricarboxylic (TCA) cycle and reducing equivalents (NADH) for the respiratory chain or for anabolic reactions, such as lipid synthesis. Four requisite cofactors enable pyruvate oxidation (thiamine; B1) and the synthesis of coenzyme A (pantothenic acid; B5), acetyl CoA (lipoic acid) and NADH (riboflavin; B2 and niacin; B3). The gene for the E1α subunit is located on the X chromosome and all components of the complex are nuclear encoded. Panel B -Rapid regulation of the PDC is mediated primarily by reversible phosphorylation of up to three serine residues on the E1α subunit, rendering the complex inactive. Phosphorylation of E1α is facilitated by a family of four pyruvate dehydrogenase kinase isoforms (PDK 1-4), whereas two pyruvate dehydrogenase phosphatase isoforms (PDP 1 and 2) dephosphorylate, and activate, the PDC. PDKs themselves are activated by a rise in the intramitochondrial ratio of acetyl CoA:CoA and NADH:NAD + , as well as by an increase in cellular energy charge (ATP:ADP). Pyruvate and certain structurally-related halogenated analogs, such as dichloroacetate (DCA), inhibit PDK activity. PDPs are positively regulated by insulin or magnesium ions and PDP1 can be activated by calcium ions. PDK and PDP isoforms are differentially expressed in tissues and PDK isoforms exhibit variable sensitivity to pyruvate and DCA (Adapted from Stacpoole P. Aging Cell 11:371-377, 2012) Committee of the Clinical Research Center (CRC) at Shands Hospital at UF. An internal Data and Safety Monitoring Board (DSMB) included clinical oncologists experienced in cancer clinical trials of investigational agents. All subjects gave written informed consent to participate and were recruited without selection bias from the oncology clinic of one of the investigators (ED). The study was registered with clinicaltrials.gov (No. NCT 01111097) and was conducted under the auspice of IND #107,893 issued to PWS.
Study objectives
The primary aim of this study was to determine if a dose-limiting toxicity (DLT) occurred in adult patients with RMBTs, within the well-established dose-range used in metabolic diseases, within the first 4 consecutive weeks (cycle 1, formal study endpoint) of oral DCA administration, employing drug doses within the established dose range used in patients with non-malignant metabolic disorders [9, 13] . In addition, patients were allowed to continue DCA until progression, intolerance, toxicity, withdrawal or death. Secondary objectives were to investigate the kinetics of DCA and the effects of GSTZ1/MAAI haplotype variability thereon, evaluate a novel, noninvasive test of DCA in vivo dynamics and mechanism of action and provide hypothesis-generating data as to whether DCA might influence disease progression.
Patient eligibility Eligibility criteria were similar to those commonly employed in other trials of advanced CNS tumors [23] [24] [25] [26] [27] [28] [29] . We included adults aged 21 years or over with histologically proven RMBTs defined as either 1) malignant (WHO III-IV) gliomas progressive after a radiationcontaining initial therapy or 2) stage IV parenchymal metastases from systemic malignancies. Any number of prior progressions and therapies were allowed. Patients were required to have radiographic progression determined by contrastenhanced magnetic resonance imaging (MRI), normal hematologic, renal, and liver function, and must have otherwise recovered from toxicities of prior therapy. Eligibility was based on medical history, review of systems, and an absence of greater than NCI-CTCAEv4.0 grade 3 (or "moderate") peripheral neuropathy (PN) on exam, except when it was considered attributable to the location of the tumor and its prior therapies. Eligibility criteria also included an interval of at least 4 weeks since prior cytotoxic chemotherapy, a Karnofsky performance status (KPS) of ≥60, an Eastern Cooperative Oncology Group (ECOG) performance status of≤2, the ability to speak English, and the ability to provide written informed consent. Patients with the potential for pregnancy within themselves or a partner agreed to use reliable birth control. Women of childbearing potential were required to have a negative pregnancy test result and not be breastfeeding. Exclusion criteria included previous medical use of DCA, concurrent anti-cancer therapy and serious concurrent medical conditions.
Study design
The trial was prospective, open-label and single arm (non-randomized). Eligible patients were assigned a DCA dose per kilogram (kg) body weight, as employed in prior DCA clinical trials [27] . Patients self-administered DCA at 8 AM and 8 PM (+/− 1 h). At entry patients were admitted to the CRC for confirmation of eligibility by history, physical examination, repeat of the imaging and blood chemistries described above. Medication diaries were reviewed by the study coordinator.
We employed a "3+3" study design, commonly used in comparable adult and pediatric phase 1 oncology trials [28, 29] (Table 1) . This design entails testing 3 subjects at a given dose and escalating to the next dose if no patient has a dose limiting toxicity (DLT). However, if 2 or all of the first 3 subjects had a DLT, the study would be terminated unless the subjects had received the starting dose, in which case a dose reduction would occur. If one of the initial 3 subjects had a DLT, then 3 more subjects would be tested, with dose escalation if none of these subjects had a DLT. However, the study would be terminated if more than 1 of these subjects experienced a DLT. In accordance with the primary objective, the cohort dose levels were set within the clinically established dose range of DCA in metabolic diseases [11, 27] . The initial starting dose was 8.0 mg/kg/12 h, which was increased to 12.5 mg/kg/12 h, or decreased to 5.0 mg/kg/12 h if the first dose was not tolerated, as determined by the DSMB. However, during enrollment, new data on the impact of GSTZ1/MAAI genotype on DCA metabolism [12] resulted in an alteration in the assignment of dose level for this trial. Because individuals who harbor at least one wild type (EGT) haplotype for GSTZ1/MAAI metabolize DCA more rapidly than those who lack this haplotype, the protocol was amended Fig. 2 Bifunctionality of GSTZ1/MAAI. GSTZ1 dehalogenates DCA to the naturally occurring molecule glyoxylate. MAAI isomerizes maleylacetoacetate and maleylacetone, respectively, to fumarylacetoacetate and fumarylacetone to a priori stratify (i.e., not randomize) patients into one of two cohorts: 1) EGT carriers; and 2) non-EGT carriers. Patients deemed "fast" metabolizers (EGT carriers) continued in the 3+3 design. Patients deemed "slow" metabolizers (non-EGT carriers), were administered 4.0 mg/kg/12 h and were not included in the 3+ 3 design. Thus, the "slow" metabolizers were not included in determining the primary objective, but were followed for analysis of secondary objectives.
A DLT was defined as any NCI-CTCAEv4.0 grade 4-5 toxicity, any grade 3 toxicity directly attributable to protocol therapy requiring hospitalization and/or therapy interruption, or any grade 3 toxicity that could not be improved after 3 weeks of medical intervention [29] . An exception was made for patients who required a hospitalization, procedure or other study delay of less than 14 days that was unrelated to the safety or tolerability of DCA (e.g., adjustment of anti-epileptic drug or medical device).
Drug formulation and testing Clinical grade crystalline sodium DCA (TCI America, Portland, OR) was independently analyzed for purity and homogeneity by gas chromatographymass spectrometry (GC-MS) [30] and was formulated as a liquid preparation, as previously described [31] . Each lot of product was tested for content and pyrogenicity and was distributed in 400 ml amber colored bottles that were refrigerated at 4°C. Under these conditions, DCA has a shelf life of at least one year.
Biochemical analyses Plasma and urine samples were analyzed, in duplicate, by GC-MS for trough (dosing interval) levels of DCA [30] and the tyrosine intermediate maleylacetone (MA), a substrate for MAAI [12] .
DNA isolation, genotyping and haplotype analysis DNA was isolated from blood using Qiagen Gentra Puregene Blood Kits (Qiagen Intl., Alameda, CA). We genotyped samples for three non-synonymous SNPs: G94>A (rs3177427) Glu → Lys at position 32; G124> A (rs7972) Gly → Arg at position 42; and C245> T (rs1046428) Thr → Met at position 82 in the GSTZ1/ MAAI gene and for the promoter SNP-1002 G > A (rs7160195) by pyrosequencing [32] . We inferred haplotypes by computational methods using the Bayesian haplotype reconstruction program, PHASE version 2.1 [33] . The five reported haplotypes and their frequencies in the general population are: EGT (~50 %), KGT (~30 %), EGM (~10-20 %), KRT (~5-10 %) and KGM (<5 %) (12) .
Pyruvate Breath Test (PBT)
We applied a novel method to noninvasively estimate endogenous PDC activity in vivo. The rationale is based on the unique ability of PDC to irreversibly decarboxylate [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C-pyruvate to carbon dioxide, according to the equation:
A proof-of-concept study of the PBT in healthy subjects has been reported [34] . A 25 mg dose of sodium 1-13 Cpyruvate (Cambridge Isotopes, Andover, MA) was dissolved in 25 ml tap water and administered to the patient after an overnight fast. The container was rinsed with another 75 ml of water and drunk. Subjects sat quietly with minimal moving for the duration of the test.
To investigate the potential utility of the PBT as a biomarker for a DCA response in RMBTs, we performed a PBT in four subjects at the start of their first four week therapy cycle. Immediately after the final baseline breath sample was obtained, each subject received a single dose of DCA by mouth and, 60 min later, the PBT was repeated. The DCA dose was either 8 mg/kg or 4 mg/kg and was determined by the GSTZ1/ MAAI haplotype, with EGT non-carriers receiving the lower dose. The purpose of this pre-therapy study was to determine each subject's baseline response to [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C-pyruvate administration and the effectiveness of DCA in modifying that response. Thereafter, subjects underwent a repeat PBT at the DCA dosing interval following the completion of each four week therapy cycle. Breath samples were collected at −10, -5, 10, 20, 30, 40, 50 and 60 min, after which the subject received breakfast. Breath samples were collected using a common straw upon exhaling into a 10 ml screw-cap tube with rubber septum (Exetainers, Labco, Ltd, Houston, TX). Subjects took full breaths and the entire breath was exhaled through the straw into the tube, which was then capped. The amount of 13 CO 2 in the Exetainer breath storage tubes was measured as atom % 13 C with a gas isotope ratio mass spectrometer [35] . Standards of carbon dioxide gas at three different levels of atom % 13 C were run before and after each daily run to check instrument performance. The analytical precision of the instrument was 0.0001 atom % 13 C. The atom % 13 C values of each breath sample were used to calculate the percent of the dose recovered in the breath during each time period. The % 1-13 C-pyruvate dose metabolized area under the curve (AUC) for each time period was calculated by the linear trapezoid method [35] . The percent of the dose metabolized at each time point was calculated as:
CO 2 production was estimated as 5 mmol/CO 2 /minutem 2 body surface area. The percent dose metabolized/h at each time point was calculated as:
Whole blood lactate concentrations were measured (YSI Instruments, Yellow Springs, OH) after an overnight fast at baseline (before starting DCA) and at the end of each four week therapy cycle to evaluate the PBT results against the known lactate-lowering actions of DCA [36] .
Statistical considerations
The sample size was estimated to be sufficient to analyze endpoints. Standard medicallyindicated intervention, dose-reduction or delay, adverse event (AE) assessment and response assessment occurred according to established guidelines [24, [37] [38] [39] [40] . The primary objective of the study was met when no DLTs occurred, within the dose range well-established in metabolic diseases, within the initial 4 weeks (cycle 1) of DCA administration in the first 8 patients with evaluable data. Based on prior DCA studies, determination of DLT was anticipated to occur within 4 weeks and within 8.0-12.5 mg/kg/12 h. The probability of declaring a dose safe when the probability of DLT is 10 %, 20 %, and 30 % are 91 %, 71 %, and 49 % respectively. The DSMB oversaw the assignment of cohorts and determination of DLT.
Results
Patient outcomes Fifteen patients were enrolled in this study between 2009 and 2013 ( Table 2) . One remains on study at the time of manuscript submission. Patient demographics were similar to comparable phase 1 brain tumor trials [3, 25, 26] and included seven females and eight males, with an average age of 52 years at initial diagnosis (range 34-74) and an average age of 57 years at enrollment. Two patients had metastatic disease and 13 had progressive malignant gliomas that had all undergone prior surgery, radiation and chemotherapy (nine WHO IV glioblastomas, two WHO III anaplastic atrocytomas, one WHO III anaplastic oligodendroglioma without co-deletion of 1p/19q). The average number of previous cytotoxic therapies was 2.8. No intra-patient dose escalation occurred; thus, no maximum tolerated dose was sought. All patients remained at their assigned dose level for the remainder of their participation, with the exception of one subject who was allowed to lower his dose to 6.25 mg/kg/ 12 h from 12.5 mg/kg/12 h because of grade 1 sensory PN manifesting at the sixth therapy cycle. Compliance was excellent among evaluable patients, as indicated by medical records, medication diaries and return of unused medication.
At submission, the median number of days on DCA was 34 days (mean=75.5 days; range: 26-312 days) and one patient remains on study at 330+ days (twelfth cycle). Data on six other subjects were un-evaluable because of the inability to complete four weeks of DCA for reasons unrelated to the trial, including unexpected general medical decline (tooth abscess, VP shunt malfunction, noncompliance, nonprogression-related hydrocephalus), unexpected rapid progression, and self-withdrawal (illness of caregiver, elective Hospice). Three of these individuals withdrew before commencing DCA. The remaining four subjects who did receive DCA had an average therapy duration of 4 days (range 0-10 days) and did not report adverse drug-related events.
Eight evaluable patients had clinically and radiographically stable disease at the end of the fourth week on DCA as defined by RANO guidelines [38, 39] . At the date of submission, three patients are alive and five have died. On those alive, one remains on DCA. Two received subsequent therapy and their average survival at the time of submission is 296 days (range 240-330 days). Of those who have died, none received subsequent anti-tumor therapy and remained alive an average of 88 days (range 5-186) after having withdrawn from DCA.
DLTs and other Adverse Events (AEs)
No patient was withdrawn because of toxicity related to DCA. Using the NCI-CTCAEv4.0, no DLTs occurred within the 4 weeks, when using the dose range well-established in metabolic diseases. Table 3 summarizes AEs with at least possible attribution to DCA in the eight evaluable patients and included grade 1-2 episodes of fatigue (5), gait abnormalities (4), hypersomnolence (3) and sensory peripheral neuropathy (2) . Each of these has been attributed to DCA in prior studies.
Reversible sensory and motor peripheral neuropathy (PN) has been directly associated with dose and duration of DCA administration in adults [11] . Two evaluable patients in this trial reported non-progressive PN, characterized as parasthesias of the tips of the fingers and toes without muscle weakness or ataxia. Symptoms began at cycle 2 in patient 7, a predictable "slow" metabolizer and cycle 6 in patient 8, a "fast metabolizer" of DCA. Both patients and investigators assigned PN a grade 1; both patients denied adverse changes in their activities of daily living and desired to stay on DCA therapy. No other obvious causes of PN could be ascertained in either subject. Supportive care included physical therapy, vitamin and mineral supplementation, skin care and offers of gabapentin and/or a DCA drug holiday. For unrelated reasons, patient 7 elected to discontinue DCA at the end of the second cycle and reported complete resolution of his neuropathic symptoms within 60 days with the use of gabapentin. Patient 8 managed his PN with supportive care for several months before electing to take a drug holiday of less than one month, during which time he reported minor improvement. Additionally, and in contrast to the patient 8's own self-assessment, his spouse and some coworkers have noted he exhibits a flatter affect while receiving DCA, without altering his capacity to continue functioning in an intellectually demanding profession. Because this patient elected to remain on study, and was past the DLT determination time-period, the IRB and DSMB allowed a single-patient dose adjustment to allow him to continue DCA at 6.25 mg/kg/12 h, half his original dose. The patient remains on this dose at the time of reporting (cycle12, 312 days same as above). Asymptomatic, mild, reversible elevation of alanine aminotransferase and/or aspartate aminotransferase is also occasionally associated with chronic DCA administration [11] . Figure 3 illustrates the correlation between serum transaminase levels and DCA trough concentrations in patient 3, a "slow" DCA metabolizer. This 68 year old individual had gait abnormalities and normal serum transaminases at baseline and was begun on DCA (8 mg/kg/12 h). Initial DCA trough levels were undetectable in plasma and urine. After 26 days of therapy, the patient presented with worsening gait abnormalities and DCA was stopped. The patient's GSTZ1/MAAI genotype was subsequently found to be EGM/EGM, which would predict a very slow rate of DCA plasma clearance [12] . However, at the time, the trial's study design allowed GSTZ1/ MAAI haplotype analysis to be reported only after DCA treatment had commenced. Three days after DCA was discontinued the patient's plasma trough DCA concentration was 280 μg/ml and became undetectable 30 days after drug withdrawal. Serum aspartate aminotransferase rose from 19 U/L to a maximum of 46 U/L and returned to pre-therapy baseline levels within approximately 45 days after drug withdrawal. The patient's gait abnormalities were improving until he died of unrelated general medical events 116 days after discontinuing DCA. Table 4 shows plasma DCA trough and urinary MA concentrations in relation to drug dose and GSTZ1/MAAI genotype in patients who completed the first four week therapy cycle. In this small sample, there were no statistically significant corrections between DCA and MA levels or between the levels of either of these compounds and GSTZ1/MAAI genotype. After the first six patients had entered the study, the effect of GSTZ1/MAAI genotype on DCA kinetic became known [12] . Thus, patient 6, whose genotype would be predicted to confer a slow rate of DCA metabolism, was assigned a higher starting drug dose than were subsequent patients who lacked an EGT allele. Nevertheless, measurement of plasma trough DCA and urinary MA over time revealed no appreciable accumulation of either molecule. Mean and median plasma DCA levels exceeded the Ki of DCA of~25 μg/ml (~0.2 mmol/l) for the PDK 2, the most ubiquitously expressed PDK isoform and the most sensitive to DCA inhibition [40] .
DCA and tyrosine metabolism
Pyruvate breath test During the latter part of this trial the PBT became available and was applied to four patients (patients 10, 11, 13 and 15 of Table 5 ). These subjects underwent at least a baseline±DCA PBT in the overnight fasted state, together with measurement of blood lactate before receiving DCA. (Fig. 5) . Despite the inter-subject variability of the PBT, DCA administration was associated with a significant lactatelowering effect (baseline lactate 1.1±0.45 mmol/l vs. DCA lactate 0.54 ±0.27 mmol/l; p<0.001) in these four subjects.
Discussion
These data indicate that oral DCA, administered within the dose range well-established in metabolic disease, is safe, welltolerated and feasible for use in adults with RMBTs. DCA's safety and tolerance are supported by protocol compliance of the eight evaluable patients and the average duration of survival of the five patients who died, with a mean survival duration of 140 days (range 75-146) from the start of DCA and 88 days (range 30-186) from withdrawal of DCA.
Nevertheless, safety is an important concern with DCA, based on toxicological findings in rodents (9), and a randomized controlled trial of the drug in adults with a primary mitochondrial disease due to mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS) that was stopped prematurely because of new onset or exacerbation of peripheral neuropathy [41] . However, other studies have demonstrated excellent long-term safety in children and adolescents administered DCA for several years for therapy of primary mitochondrial diseases [42, 43] . Moreover, the earlier trials in adults with MELAS and the more recent trial in GBM patients in which neuropathy was a limiting AE did not account for the effect of GSTZ1/MAAI haplotype on drug kinetics and biotransformation and on the perturbation of the phenylalanine/tyrosine catabolic pathway in individuals who metabolize DCA slowly [12] .
Although this phase I trial cannot provide definitive information on efficacy, it is noteworthy that DCA therapy was associated with clinical and radiographic evidence of disease stabilization through the first 4 weeks of DCA administration in all 8 evaluable patients whose average number of prior treatments was 2.8. This is at least non-inferior, if not possibly favorable, compared to other advanced cancer phase 1 trials [3, 4, 25, 26] and is consistent with early data in glioblastoma patients [18] and with experimental evidence for a metabolic modulation and selective killing of CNS cancers [17, 44] . In this regard, it is interesting that perturbation of the PDK-PDC axis by DCA is also the basis for the drug's therapeutic effect in patients with congenital PDC deficiency [13] and in experimental and clinical models of myocardial ischemia and failure [45] , pulmonary arterial hypertension [46] and certain other pathological states [47] in which the efficient mitochondrial conversion of substrate fuels to energy is perturbed. All of these conditions are associated with genetic or acquired suppression of PDC activity, leading to accelerated glycolysis Samples were obtained at the dosing interval in the eight patients who completed at least one DCA treatment cycle and were analyzed as described in the Methods. MA concentrations expressed as mg/g creatinine. Cmin and Cmax denote the minimum or maximum plasma or urinary concentration, respectively, measured for each analyte. N denotes the number of samples and lactate production and decreased mitochondrial glucose oxidation. Animal and clinical experiments indicate that a single oral dose of DCA has excellent bioavailability and can induce a lactate-lowering effect within 30 min of administration [37] , a finding temporally associated in rats with activation of hepatic PDC [9] . To gain insight into the effect of DCA on endogenous PDC activity in humans, we developed and applied here a novel breath test that quantitates 13 CO 2 production from the PDC-catalyzed decarboxylation of orally administered 1-13 Cpyruvate. We applied this method to some of the participants of this trial at enrollment and, subsequently, after the initial DCA dosing. We found that the PBT was easy to administer and welltolerated by all subjects. In two patients (10 and 15), a single dose of DCA had an appreciable effect on the rate or magnitude of 13 CO 2 production. In two other patients (11 and 13), the opposite effect of DCA was observed, suggesting inhibition of pyruvate oxidation, despite evidence consistent with a blood lactate-lowering effect of the drug. Thus, there were notable inter-patient differences in the pre-therapy kinetics of 13 CO 2 as well as intra-subject variability during drug therapy. It is likely that the PBT measures mainly hepatic PDC activity, owing to the small amount of pyruvate administered and the first-pass effect by the liver, which has a high content of PDC. It is possible that PDC activity in the livers of some patients was suppressed with initial DCA treatment, as might be expected to occur in their tumor cells, but responded to chronic exposure to DCA with a return to or towards baseline 13 CO 2 production (data not shown). Further research will be required to confirm and extend our preliminary findings and determine the ultimate utility of the PBT as a useful index of endogenous PDC activity and as a biomarker of DCA dynamics. 
Conclusion
DCA appears to be safe, tolerable and feasible for chronic administration in adults with RMBTs, when it is administered within the dose range commonly used in the chronic treatment of childhood metabolic diseases. Personalized dosing of patients, based on GSTZ1/MAAI genotype, is likely to enhance chronic safety and tolerability of the drug without diminishing efficacy. Specifically, patients who lack an EGT allele should probably be treated with a starting oral dose of 5 mg/kg/12 h that can be increased, based on absence of peripheral neuropathy, whereas subjects who possess at least one EGT allele should tolerate doses at least 6.25 mg/kg/12 h. Despite decades of clinical use, DCA exposure so far has not been associated with adverse interactions with other drugs, which is relevant to its consideration as combination therapy for cancer [e.g., 10, 47-52]. DCA's unique site and mechanism of action interdicts several fundamental processes important to tumor survival and growth [9, 14, 44, [48] [49] [50] [51] [52] . Furthermore, recent animal and human studies supports its activity within the CNS parenchyma and anti-tumor effects in tumors occurring in the brain. Finally, the PBT holds promise as a noninvasive serial measurement of DCA's in vivo pharmacodynamics. Further clinical trials of DCA in adult cancers occurring in the brain cancer are warranted. Authors' contributions EMD, JJS and PWS developed the study design; EMD and BSC screened and enrolled subjects; EMD, PWS and BSC evaluated and treated patients; TL performed and interpreted the genotyping; ALS conducted mass spectrometric analyses; EMD, BSC and PWS analyzed routine clinical and imaging data; JRF and EMD analyzed exploratory imaging data; JJS reviewed interim safety data, PWS and DAW designed the breath test procedures; BSC conducted the pyruvate breath test; DAW analyzed 13 
